Background. Elevation of pulmonary vascular resistance is an important determinant of right ventricular function in patients with end-stage biventricular heart failure. Vasodilator drug therapy directed at the pulmonary vasculature is used in the hemodynamic assessment of patients for orthotopic heart transplantation, and therapy aimed at decreasing pulmonary vascular resistance and transpulmonary pressure gradient has been advocated in patients awaiting heart transplantation. Adenosine infusion has been shown to cause selective pulmonary vasodilatation in normal subjects and in patients with primary pulmonary hypertension but has not been assessed in patients with biventricular heart failure.
Methods and Results. Using two infusion doses, we studied the pulmonary and renal hemodynamic effects of adenosine on patients referred for heart transplantation (n=21) and compared it with sodium nitroprusside (n= 18). Patients received 30% oxygen via face mask throughout the study. Adenosine Conclusions. Adenosine is a potent selective pulmonary vasodilator in patients with biventricular heart failure and is preferable to sodium nitroprusside as a test for the reversibility of pulmonary vasoconstriction. However, its deleterious effects on left atrial pressure make it unsuitable as a therapeutic agent in patients awaiting heart transplantation. (Circulation 1992; 86:896-902) KEY WoRDs * adenosine * circulation, pulmonary * circulation, renal * vasoconstriction P ulmonary vascular resistance and the transpulmonary pressure gradient are often elevated in biventricular heart failure' and are of concern for two reasons: first, it has been demonstrated that pharmacologically irreversible elevation of pulmonary vascular resistance and transpulmonary gradient predicts an increased mortality at orthotopic heart transplantation,2 6 and second, there may be deleterious effects from chronic elevation of pulmonary vascular resistance and transpulmonary gradient on right ventricular function. The right ventricle is particularly sensitive to increases in afterload, with small increases in pulmonary vascular resistance resulting in sharp decreases in right ventricular stroke volume.7 The clinical importance of right ventricular afterload as a deter-minant of survival in patients with heart failure is demonstrated by the fact that elevated pulmonary artery pressure is an independent predictor of mortality.89 The vulnerability of patients with biventricular heart failure to the development of clinically significant right heart failure may be particularly high in patients with ischemic heart disease. The ability of the right ventricle to respond to increased afterload is dependent upon increased right coronary artery perfusion,'0 and stenosis or occlusion of the right coronary artery may increase the risk of right ventricular decompensation. Some investigators have also noted that left ventricular ejection fraction fails to correlate with exercise capacity in patients with biventricular heart failure, but right ventricular ejection fraction does." Similarly, right ventricular ejection fraction may be more predictive of survival than left ventricular ejection fraction in patients with ischemic heart disease.12 Recently, the use of long-term therapeutic infusions of pharmacological agents intended to reduce pulmonary vascular resistance and transpulmonary gradient has been advocat- 24 The purpose of this study was to assess the effects of adenosine on renal blood flow and its clinical potential as a selective pulmonary vasodilator in patients with severe biventricular heart failure both in testing for the reversibility of elevated pulmonary vascular resistance and as a therapeutic agent. For comparison, the hemodynamic effects of sodium nitroprusside, the vasodilator most frequently used in current clinical practice, were assessed in the same patient population. Subjects Thirty-four consecutive patients requiring right heart catheterization for measurement of pulmonary vascular resistance as part of their assessment for cardiac transplantation were studied. Twenty-nine of the patients were infused with a single drug, and five patients received both drugs with infusion of adenosine followed 30 minutes later by sodium nitroprusside. Three Patients had all been established on optimal drug therapy for at least 48 hours before the study period. Patient medication is shown in Table 1 . Three patients were in atrial fibrillation, one in each group. Patients receiving phosphodiesterase inhibitors were excluded, as these are known to antagonize the pharmacological effects of adenosine.25,26 All patients gave informed signed consent, and the study was approved by the hospital's ethics committee.
Methods
All patients received 30% oxygen via face mask throughout the study. Arterial oxygen saturations were measured at baseline and during drug infusions. Diamorphine 2.5 mg and diazemuls 2.5-5 mg were given intravenously to relax without markedly sedating the patient before right heart catheterization.
Pulmonary and Systemic Hemodynamics
A venous infusion port 7.5F flow-directed pulmonary artery thermodilution catheter (model 93A-831-7.5F, Baxter Healthcare Corporation, Irvine, Calif.) was introduced, and cardiac output measurements were made by taking the mean of at least three measurements recorded by a cardiac output computer (model COMlRS, American Edwards Laboratories, Irvine, Calif. 40 to give an estimate of total renal vascular resistance in both kidneys in dyne. sec`* cm-5. Renal blood flow measurements were made during the measurement of systemic and pulmonary blood pressures.
When hemodynamic parameters had remained stable over a period of 15 minutes, the drug infusion was administered via a fourth lumen in the pulmonary flotation catheter so that the drug was delivered into the right atrium. Hemodynamic measurements were repeated between 5 and 10 minutes after the start of the infusion, when steady-state hemodynamics had been reached. The duration of the adenosine infusion was between 10 and 15 minutes. Nitroprusside was infused in incremental doses until the systolic arterial blood pressure had been reduced by 20 mm Hg or until a value of 80 mm Hg was reached. Patients were asked to report any symptoms they experienced during the adenosine infusion.
Statistical Analysis
The data was analyzed using the Wilcoxon signed rank test to evaluate changes from baseline to infusion in patients within each group. The two-tailed MannWhitney U test was used to compare results between the three groups. Results are presented as mean+SEM.
Results
The characteristics of the patients in the three infusion groups are shown in Table 1 . There was no significant difference in mean age or baseline hemodynamic measurements, with the exception of pulmonary vascular resistance, which was higher in the nitroprusside group than in the groups given adenosine (371±38 dyne * sec. cm-' versus 278±60, group 2, 100 j,g/kg/ min, and 261+46, group 1, 50 ,g/kg/min, p<0.05) ( Table 2 ). In both adenosine groups, there was a small but significant rise in cardiac index in response to adenosine infusion (p<0.05); the values for peak cardiac index did not differ significantly between the two infusion rates. The increase in flow was associated with an increase in pulmonary capillary wedge pressure but no increase in mean pulmonary artery pressure, reflecting a significant fall in the pulmonary vascular resistance at both infusion rates (p<0.005). The percentage of fall in pulmonary vascular resistance was greater in response to 100 ug/kg/min than to 50 ,ug/kg/min (41±6% versus 22±5%, p<0.05). There was, however, no significant effect of adenosine infusion on the systemic mean arterial pressure that did not fall in either group (Figure 1 ). This selective pulmonary vasodilatation was illustrated by the fall in the pulmonary vascular resistance/systemic vascular resistance percentage ratio (p<0.005 at both infusion rates). The fall in transpulmonary gradient in the group who received adenosine 100 ,ug/kg/min was greater than in those who received the lower dose of adenosine (p<0.05) and also than in those who received nitroprusside (p<0.02) (Figure 2) .
Arterial oxygen saturations were maintained at a high level throughout, with unchanged mean values in response to adenosine 50 ,ug/kg/min (95+0.6% at baseline and 95 +0.6% on adenosine, NS) and adenosine 100 ,g/kg/min (97±0.5% at baseline and 95±0.4% on adenosine, NS) and a slight fall in response to sodium nitroprusside (96+0.6% at baseline and 95±0.9% on nitroprusside, p<0.01).
Renal blood flow and renal vascular resistance were not significantly affected by either rate of adenosine infusion.
In contrast to the minor effects of adenosine on the systemic and renal circulations, sodium nitroprusside caused highly significant falls in mean arterial blood pressure (p<0.001), systemic vascular resistance (p<0.001), and renal vascular resistance (p<0.001).
There was only a modest increase in renal blood flow because of the fall in renal perfusion pressure. Sodium 29 In clinical studies, pulmonary vasoconstriction cannot be observed directly and it is therefore necessary to obtain information on pulmonary vascular tone from measurements of the pressure gradient and the flow of blood across the pulmonary vasculature. This allows calculation of the pulmonary vascular resistance from the equation R=Q/P, where R is the resistance, P is the pressure gradient across the system, and Q is the cardiac output (which is equal to the blood flow through the pulmonary vasculature excluding beat-to-beat variation).30 Pulmonary vascular resistance calculated from this equation is an approximation to the actual resistance because the pulmonary vasculature is not a rigid tube, flow is pulsatile, and pulmonary vascular impedance therefore contributes to total resistance, and no allowance is made for the recruitment of additional capillaries at higher pressures.30 Some authors have therefore advocated the use of the simpler, directly measurable variable of transpulmonary pressure gradient, the difference in pressure between the mean pulmonary arterial blood pressure and the pulmonary capillary wedge pressure.4 '31 Effects on transpulmonary gradient and pulmonary vascular resistance. In this study, the agent that resulted in the greatest fall in transpulmonary pressure gradient was adenosine 100 gg/kg/min. This fall (35%) occurred as a result of a rise in pulmonary capillary wedge pressure that was not transmitted back across the pulmonary vasculature to result in an equivalent rise in mean pulmonary artery pressure. The mean value for pulmonary artery pressure was unchanged by the infusion of adenosine 100 ttg/kg/min. However, there was only a small increase in the blood flow through the pulmonary vasculature with adenosine but a large increase with nitroprusside. The percentage fall in pulmonary vascular resistance, which takes into account the rise in flow as well as the change in pressure gradient across the pulmonary circulation, was therefore similar in the group given adenosine 100 ,ug/kg/min and the group who received nitroprusside (41% versus 42%, NS). Pulmonary selectivity. The absence of a fall in the systemic mean arterial blood pressure and the decrease in the pulmonary vascular resistance/systemic vascular resistance percentage ratio in response to adenosine infusion demonstrated that the drug caused selective pulmonary vasodilatation in these patients. In contrast, there was a 16-mm Hg fall in mean arterial pressure and an increase in the pulmonary vascular resistance/ systemic vascular resistance percentage ratio during nitroprusside infusion, demonstrating that the vasodilating effect of nitroprusside lacks any selectivity for the pulmonary vasculature.
The mechanism by which intravenously infused adenosine acts selectively on the pulmonary circulation in these patients is not clear. The most likely explanation is that the very short half-life of adenosine (,10 sec) [32] [33] [34] and the delayed transit time through the pulmonary circulation in patients with low cardiac index results in little adenosine reaching the systemic circulation. Alternatively, systemic adenosine receptors may be downregulated in biventricular heart failure. The absence of changes in the systemic circulation was accompanied by a failure to observe the usual reflex rise in heart rate observed with these rates of intravenous adenosine infusion in normal subjects35 and the absence of symptoms of chest discomfort and dyspnea, which are very frequent when 100 ,ug/kg/min of adenosine is infused into normal subjects. 17 Effects on cardiac output. Despite significant pulmonary vasodilatation and the maintenance of right ventricular filling pressures, the ability of adenosine to increase the cardiac output was limited. There are two possible explanations for this. It may be that the beneficial vasodilating effects of A2-receptor agonism in the pulmonary vasculature are balanced by antagonism of the inotropic effects of circulating and locally released catecholamines via A,-receptor agonism in the ventricular myocardium and at prejunctional receptors on cardiac sympathetic nerve endings.36 '37 Alternatively, changes in the resistance to outflow from the right ventricle may not exert an important influence on overall cardiac output. The principle factor determining cardiac output in patients with biventricular heart failure may be the resistance to outflow from the left ventricle, indicated by the systemic vascular resistance, which was unchanged at the higher dose of adenosine.
Effects on pulmonary capillary wedge pressure. These two possible explanations for the lack of a major increase in cardiac output in response to adenosine infusion also provide possible mechanisms for the rise in pulmonary capillary wedge pressure observed during the adenosine infusion. A negative inotropic effect would exacerbate the elevation of left atrial pressure resulting from the diminished contractility of the failing left ventricle, but a decrease in the resistance to outflow from a right ventricle that was more vigorous than the left ventricle would allow the right ventricle to drive the pulmonary capillary wedge pressure up. If the latter explanation is correct, it would be appropriate to regard the elevation of pulmonary vascular resistance in these patients as a mechanism protecting against high left atrial pressures and reducing the tendency toward pulmonary edema, a concept that draws into question the therapeutic value of attempting selectively to decrease pulmonary vascular resistance in patients with biventricular failure. It may well be that both the negative inotropic effects of adenosine Al-receptor activation and the disparate effects on the relations between afterload and ventricular function on the two sides of the heart both play a part in determining the overall hemodynamic response to adenosine infusion.
Systemic effects of sodium nitroprusside. In contrast, sodium nitroprusside achieved a marked improvement in cardiac output in relation to ventricular filling pressures; however, mean arterial pressure fell below 60 mm Hg in 22% of the patients, putting the cerebral and coronary circulations at risk. Thus, its potential therapeutic value is limited by its hypotensive effects.
Effects ofAdenosine and Nitroprusside on Renal Perfusion
Adenosine. This study is the first to report the effects of intravenous adenosine on renal blood flow in patients with heart failure. Animal studies have shown that adenosine administered to the kidney results in a doserelated reduction in renal blood flow of 1-4 minutes' duration followed by a return to baseline or slightly elevated levels of blood flow.222338 One study of the effect of adenosine infusion on human effective renal plasma flow has been reported.39 This was performed in patients undergoing cerebral aneurysm surgery. Sodium para-aminohippurate clearance was used to measure effective renal plasma flow, but renal vein cannulation was not performed, and the para-aminohippurate extraction fraction was not measured. Adenosine is known to affect afferent arteriolar tone38 and to have differential effects on the vascular tone of the deep cortex and medulla.40 Both of these effects are likely to alter para-aminohippurate extraction fraction.41,42 The effects of adenosine on renal blood flow cannot, therefore, be determined from the change in effective renal plasma flow observed in this study.
Use of the continuous thermodilution technique in the renal vein27 avoids these methodological difficulties by measuring the renal venous outflow from the whole kidney rather than the effective renal plasma flow. Our results from measurements taken 5-10 minutes after the start of intravenous adenosine infusion showed no significant reduction in total renal blood flow. As discussed above, we are unable to be certain that a significant dose of adenosine was reaching the kidney: It is possible that most of the adenosine had been metabolized before reaching the renal circulation. However, whether the absence of sustained renal vasoconstriction is secondary to a very low dose of adenosine reaching the kidney or to rapid restoration of renal perfusion after only transient reduction, it seems clear that intravenous adenosine infusions up to 100 ,g/kg/min fail to decrease total renal perfusion in patients with end-stage heart failure on conventional therapy.
Nitroprusside. 
